Photo-oxidation of cycZohexene, 1-methylct/cZohexene, dihydromyrcene* and ethyl linoleate proceeds by a chain-reaction mechanism in which the initiation reaction is the photolytic generation of free radicals and the propagation and termination reactions are those recognized in analogous oxidations catalyzed differently. The magnitude of the primary quantum yield and quantitative correlation between the reaction rate and light absorption changes occurring during oxidation establish that the dominant initiation process is the photolysis of the olefin hydroperoxide. The special features which the reaction exhibits when the light absorption is either very weak or very strong are considered, and in the latter case it is shown that the basic kinetics are specifically modified.
u4's of (2*5). Now, as is easily seen from the definition of t h e n 's and of anypartial derivative o f^ with respect to a qo r a space de A -some linear combination of p 's, when has the special form. Thus PJm ) is a linear combination of p 's and therefore a linear functional of the initial p 's only, which is the first result of (1*24). Thus the Fermi-Dirac quantization, too, is consistent and relativistically invariant. We have thus established the general invariance of the quantization of field theories derived from higher order Lagrangians.
her, R 0 2 -, results from the addition of molecular oxygen to the free valency of R -. The individual steps of the reaction are: Initiation (i) production of R -or R 0 2-Propagation (ii) E-+ 0 2->.R0a-k2
(iii) R 0 2-+ kz Termination (iv)
2R----kA
where ri represents the rate of radical formation and the s are the respective velocity coefficients of the succeeding reactions. Working conditions can readily be chosen so th a t the main reaction product, the unsaturated hydroperoxide JR02H, is isolable in yields approaching 100 % based on the oxygen consumption. Chain initiation is possible in various ways, which can be identified by the form of the experimental expression defining the overall rate of oxidation. In a highly purified olefin, initiation occurs by a bimolecular reaction between olefin and oxygen. The reaction is strongly auto catalytic, however, and this mode of initiation is soon overshadowed by one due to the thermal dissociation of the hydroperoxide produced. The addition of benzoyl peroxide provides especially convenient initiation because the rate and kinetic order of its thermal decomposition have been carefully studied over a range of conditions (McClure, Robertson & Cuthbertsan 1942; Nozacki & B artlett 1946; Cass 1946) . The termination mechanism is largely controlled by oxygen pressure which determines the relative stationary concentration of the two free radicals. At low pressures reaction (iv) predominates, a t high pressures reaction (vi), while at intermediate pressures these reactions and reaction (v) are probably of comparable importance. Kinetic analysis of the above oxidation scheme by the stationary state method provides a general expression for the overall oxidation rate. Apart from experiments designed to test the influence of oxygen pressure, all the data now to be presented relate to oxygen pressures high enough to render reactions (iv) and (v) negligible. The rate of oxidation r is then given by r = k% K* [EH] r\,
where the square brackets denote molar concentration. The validity of this equation has been verified for the thermal and peroxide catalyzed oxidations of a number of olefins (Bateman & Bolland 1947) . From the nature of the oxidation mechanism it would be anticipated th at the basis of photo-catalysis lies in initiating the reaction by photolytically generated radicals, in which case In seeking to substantiate this equation, it is important to take into account com plications arising from the nature of the absorption process if this be either veryweak or very strong.
L ig h t a b s o r p t io n of o l e f in s a n d p e r o x id e s
The absorption curves of cyclohexene and its hydroperoxide over the range 2400 to 3600A are shown in figure 1 (compare Farmer, Koch & Sutton 1943) . The ratio of the extinction coefficients lies between 250 and 500 from 2400 to 3000A, and shows signs of a marked increase a t longer wave-lengths where the very weak olefinic absorption is not easily measured. A closely similar relationship exists for the other olefins and their primary oxidation products with which the present work is concerned (Bateman & Koch 1944; Koch, unpublished data) , except for oxidized ethyl linoleate where the principal product is a conjugated diene hydroperoxide (Farmer et al. 1943 ; Bolland & Koch 1945) . The conjugated diene chromophore leads to greatly increased absorption on oxidation, and this effect is supplemented by epd absorption by very small amounts of conjugated diene ketone, which is a decomposition product of the hydroperoxide and which possesses an intense absorp tion band a t about 2730A (log e ~ 4*3). Complications of this nature are not evident a t 3650A.
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Figure 1. Ultra-violet absorption curves for (a) and (b) cyclohexene hydroperoxide, e is the molar decadic extinction coefficient.
E f f e c t s of in c r e a s in g a b so r p t io n
If the wave-length of the light employed is such th at the olefin absorbs weakly, as is true at 3650A under the conditions of our experiments, the absorbing chromophore is soon mainly located as reaction proceeds in the oxidation product. W ith a fixed incident light intensity (J0) this effect leads to antocatalysis in which, however, the rate acceleration is due solely to an increase in the product < j . . A typical example of this behaviour is recorded in figure 2. The course of the reaction can be understood quantitatively on the basis of the following analysis. If x is the fraction of olefin oxidized, the rate of light absorption by a column of olefin of length l and concentration c irradiated by light of incident intensity In is ------
where ex and are the extinction coefficients of the olefin and its oxidation product, respectively. The rate of oxidation is given by
which is of the form
if the quantum efficiency of chain initiation is constant throughout the reaction. The extinction coefficient of the hydroperoxide is sufficiently large for the approach to the limiting rate to be readily observed (see figure 2 ), but to estimate this rate a more suitable plot for the purpose of extrapolation is necessary. Since mea surements extend nearly to the maximum rate, a plot of against any negative power of x will suffice; the dotted curve in figure 2 shows th at x~x is quite suitable. Having thus determined K ', the remaining constants are evaluated by plotting In ( against#; figure 3 shows this plot to be satisfactorily linear. The three constants derived in this way are K ' = 6-70 x 10-10g.mol.~2l.2sec.2, = 0*01, K '" 49.
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The values of K" and K " give molecular extinction coefficients for the olefin and the hydroperoxide of the order of 10~4 and 1 respectively. The latter value is clearly in good agreement with the relevant absorption curve given in figure 1 ; no corre sponding comparison is possible with the olefin but the above estimate is certainly of the right order of magnitude. This correlation serves, of course, to substantiate the validity of our interpretation of the autocatalytic rate increase. I t may be added th at mpre complex behaviour would be found if the two chromophores had more nearly equal extinction coefficients and if the primary quantum efficiency varied during the reaction. 
S k in e f f e c t s
A second complication intrudes when the light is very strongly absorbed. I t has been assumed so far that the rate of light absorption is the same at each point in the reaction vessel. This is a condition which becomes increasingly difficult to satisfy as the viscosity of the reaction solution increases. If most of the light is absorbed very close to the cell wall, free radicals will be produced there in high concentration, and mechanical shaking may not be efficient enough to disperse them uniformly throughout the solution in a time comparable with their time of reaction. In order to investigate the kinetic consequences of this situation (referred to as a skin effect) we consider two extreme cases in which agitation is (a) absent and (6) perfect.
(a) The rate of reaction differs from point to point in the reaction vessel. To deduce the observed rate, therefore, it is necessary to formulate a rate equation th at can be integrated over the depth. If I0, as before, is the rate of light incidence, the intensity reaching a depth l will be It = IQ e~al, an depth l will be a l0 e~al. Hence the rate of oxidation at depth l will be
Since the whole of the incident light is absorbed, the total reaction in the system is given by
(6) I f the reaction is carried out in a cell of length l0 and the light is assumed to be uniformly absorbed, then the rate of light absorption a t each point is IQ /l0 and the rate of reaction is
The total reaction in the cell is thus
Comparing equation (3) and (4), the skin effect arising from the absence of agitation and diffusion is seen to produce a retardation of the observed rate by a factor !( od0 )*. I t is noteworthy th a t the apparent course of the reaction is unchanged and the skin effect may therefore easily escape notice. A further kinetic consequence is evident when we recall th a t cl is proportional to the concentration of the chromophore. Hence, if a series of reactions be carried out in solution, the normal kinetic dependence on concentration will be modified by an additional factor proportional to
The rate of peroxide catalyzed oxidation, in agreement with equation (1), is proportional to [-KH] , and this relationship also holds for photo-oxidation when the fight absorption is weak. A photo-oxidation in which a skin effect is operative should therefore have a rate proportional to [.SH]*. This behaviour is clearly revealed by some data for ethyl linoleate in deealin solution summarized in table 1. Another skin effect complication arises when considerable amounts of olefin hydroperoxide are present in the oxidizing olefin. I f practically all the incident radiation is already being absorbed, no appreciable rate acceleration is observed. Instead, owing to the fight absorption occurring increasingly nearer to the front face of the cell, the reaction actually tends to be retarded. Over the range of oxidation to which most of our data refer, no such effect is evident, but the addition of large quantities of pure cyclohexene hydroperoxide to cycZohexene produced a marked rate decrease as shown in table 2. 
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Reagents and solvents
Cyclohexene and 1 -methylcycfohexene were purified to the spectroscopic standard described by Bateman & Koch (1944) by fractionation through Fenske columns packed with glass helices, followed by maleic anhydride treatm ent (Stucklen, Thayer & Willis 1940) . Dihydromyrcene (2 :6-dimethyl-A2:6-octadiene), prepared by reducing purified geraniol with sodium in liquid ammonia, was also fractionated to spectroscopic purity. Ethyl linoleate was kindly supplied by Dr J. L. Bolland; it had been subjected to the purification procedure described by him (1946) .
Cyclohexene and decalin were each shaken repeatedly with fresh charges of concentrated sulphuric acid for periods of 8 to 24 hr., this treatm ent being inter rupted at intervals to wash the hydrocarbon with water and then to shake it over night with aqueous 5 % potassium permanganate solution. At the maximum cell lengths used (3 and 1cm., respectively), the hydrocarbons did not measurably absorb light of wave-lengths greater than 2100 and 2300A, respectively.
Oxygen from a high pressure cylinder was used directly after passage through a trap cooled in liquid oxygen.
Cyclohexene hydroperoxide was prepared with attention to the optimum con ditions described by Farmer & Sundralingham (1942) , and carefully fractionated before use (b.p. 39 to 40° C/0-1 mm.).
Arrangement of apparatus
The rates of oxidation were measured at constant pressure in the apparatus shown diagrammatically in figure 4. Two different mercury lamps were employed. For experients at 2537 A, a U-shaped mercury-rare gas discharge tube purchased from the Thermal Syndicate Ltd. (Model T/M 5/369) was operated so th a t its current consumption was 0-1 amp. at 1000 V.
According to its published characteristics, about 96 % of the emitted radiation occurs at 2537 A; for the present purpose, therefore, it affords a sufficiently mono chromatic source of light of this wave-length without the use of filters. Approxi mately monochromatic 3650 A radiation was obtained by filtering the emission from a U-shaped Hanovia S.250 high-pressure mercury arc operating a t 1-95amp. and 135 V through an OVI filter plate obtained from Chance Bros and Co; Ltd. The current supply to both lamps was fed through a constant voltage transformer. Direct measurement showed th a t inappreciable variations in light intensity occurred during closely successive experiments, but slight drifts became apparent over long periods owing to changes in emission characteristics of the lamps on ageing.
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shaker motor to Hy vac to relay(control circuit)
to relay (load circuit) water jacketed gas burette | J electrolytic cell (12V) The reaction rate was determined by measuring the mercury rise in the gas burette, the level being automatically regulated by the device described by Kohman (1929) . The accessory relay circuit was similar to th at described by Bolland (1946) except th at an MWI type Electro-Spot magnetic relay replaced the Sunvic hot wire switch in order to obtain instantaneous response to the make and break. In most of the experiments the reaction cell and gas burette were thermostated by running tap water; when it was desired to follow the oxidation at other temperatures a Sunvic T 53 bimetallic regulator and a Sunvic F 102-4 relay operating an immersion heater effected the necessary control of the tank water to ± 0-1° C. The oxygen pressure was adjusted for each experiment by admitting the appropriate pressure of air to the contact limb of the Kohman regulator.
The autocatalytic course of the oxidation a t 3650A is expressed in figure 2 . Peroxide-free olefins usually exhibited short induction periods (of the order of 5 min.) at this wave-length which increased on diluting the olefin with a neutral solvent.
No induction periods were evident in the experiments a t 2537 A unless the olefins were greatly diluted. A typical curve, obtained by plotting oxygen absorbed against time for an oxidation followed at the latter wave-length, is drawn in figure 5 . The small initial rate increase is ascribed mainly to an increase in absorption of the small amount of incident radiation of wave-length greater than 2537 A. 
Peroxide estimations
Using the ferrous thiocyanate method of Bolland, Sundralingham, Sutton & Tristram (1941) , the peroxide yields from cycZohexene and l-methylcycfohexene were determined under varying conditions of olefin concentration and light intensity a t the different wave-lengths employed in the temperature range 0 to 30° C. Within the rather large experimental error ( ± 5 %), a uniform trend with respect to the extent of oxidation was exhibited, which is illustrated by results obtained from 1-methylcycZohexene in figure 6. These establish, th a t under the conditions of our experiments the oxidation product is practically pure olefin hydroperoxide when the oxygen intake is less than 0-04g.mol./g.mol. of olefin.
Kinetic measurements were restricted to this degree of oxygen absorption. While this work was in progress, Dr J. L. Bolland and Miss H. Rhodes observed th a t in thermally oxidized dihydromyrcene a substantial fraction of the absorbed oxygen is incorporated in cyclic peroxide groups. The detailed findings of these workers will be reported later: we merely mention here th a t photo-oxidized and thermally oxidized products show no obvious differences and th a t departure from simple hydroperoxide formation undoubtedly occurs under the conditions of our experi ments.* The close similarity between thermally and photo-oxidized samples of ethyl linoleate as revealed by ultra-violet spectroscopy was also taken to establish the parallelism between the two modes of promoting the oxidation; Bolland's (1946) data on the peroxide yields of this olefin have not been supplemented.
Actinometry
The light intensity absorbed by the reaction solution was calculated from the decomposition of uranyl oxalate solution when contained in the cell under conditions exactly similar to those prevailing during the relevant oxidation experiments. The quantum efficiency of the decomposition was taken as 0*60 at 2537 A and 0-50 a t 3650A (Leighton & Forbes 1930) . A solution of the following approximate com position was generally used: uranyl oxalate (the product from B.D.H. Ltd. twice recrystallized), 0-005 m ; oxalic acid (Analar), 0-0025 m . In deducing the incident light intensities a t 3650 A, allowance has been made for only partial absorption by the actinometer solution at this wave-length. The ultra-violet absorption spectra data of Leighton & Forbes (1930) , which we have checked,! show th a t a 3 cm. length of the above solution transmits about 45 % of incident radiation a t 3650A.
The experimental kinetics
The oxidation kinetics of the four olefins were basically the same, and remained so at the two wave-lengths of light investigated-account being taken of the special effects associated with either very weak or very strong light absorption as discussed above. The influence of the several experimental variables can therefore be ade quately described by presenting a representative selection of our complete data.
(1)
Olefin concentration. The rate of oxidation was directly proportional to the olefin concentration, as illustrated by some results obtained with cyclohexene in cyclohexane solution (table 3) . For reasons already discussed, ethyl linoleate and to a much less extent dihydromyrcene showed anomalous behaviour a t 2537 A, but both exhibited the normal dependence a t 3650A. * ' L ight absorption was appreciably incom plete initially in these experim ents. The rates given have been corrected for this and refer to conditions of complete absorption.
(2)
Oxygen pressure. The influence of oxygen pressure on the rate of oxidation of cyclohexene was investigated extensively, but proved difficult to define precisely because very little dependence was apparent at pressures greater than 50 mm. of mercury, and measurement a t lower pressures was hampered by the relatively high vapour pressures of the olefin. The general form of the dependence is shown, together with more limited data for dihydromyrcene and ethyl linoleate, in figure 7, which oxygen pressure (mm. Hg) also contains a plot of Bolland's data for ethyl linoleate a t 45° C. Experiments at higher temperatures show a temperature dependence of the latter which requires the more sharply curved plot now found a t lower temperatures. Our results are insufficiently accurate to specify the reaction rate-oxygen pressure relationship, but are clearly consistent with th a t established for ethyl linoleate (Bolland 1946) .
Light intensity. Known reductions in the incident light intensity were effected by inserting perforated copper screens between the lamp and the reaction vessel. The optical transmission of the screens was measured actinometrically, and no difference was found if the screen were placed in front of the lens or immediately behind it. The rates of oxidation of all four olefins were found to vary directly as the square root of the fight intensity. The results for cycZohexene and dihydromyrcene are collected in table 4. The photo-decomposition of hydroperoxide
Owing to the very small rate of decomposition th a t could be expected of a con densed phase reactant with the fight sources available (in the absence of very long reaction chains) apd to the problem of estimating peroxidic oxygen really accurately, the following simple experiment was carried out merely to obtain an order of magni tude value for the quantum efficiency of the decomposition. The significance of any value of this quantity remains doubtful, of course, so long as the mechanism of the photolysis is unknown.
The hydroperoxide (2ml.), diluted to 5 ml. with cycZohexene, and contained in a quartz reaction cell 1 cm. deep, was carefully degassed and then exposed under vacuum to the radiation from the discharge lamp. The cell was shaken and was cooled by a running stream of tap water. Peroxide estimations were made in duplicate by the ferrous thiocyanate method (Bolland et al. 1941) immediately before irradiation and then at intervals up to a total of 300 hr. exposure, irradiation being interrupted and the cell opened for this purpose. The rate of fight absorption was determined subsequently by exposing the same volume of actinometer solution under the same, conditions and measuring the oxalate ion destroyed in the usual way. The rate of decomposition was found to be 4 x 10_7g.mol. I.-1 sec.-1 when the rate of fight absorption was 6 x 10~7 Nhv l.-1 sec.-1. The quantum efficiency of the decomposition is thus of the order of 1.
D is c u s s io n of r e s u l t s
The experimental kinetics show th at the rate of oxidation obeys the equation:
w h e re /[0 2] represents a dependence on oxygen pressure which our data, and their similarity with the corresponding thermal reactions, indicate is of the form & '[02] / ( l + F [O J). This, it will be seen is precisely the form of rate equation demanded by the oxidation scheme set out on p. 377 if the reaction is initiated by the photolytic production of radicals and thUTate of initiation is accordingly given by equation (2). The two particularly characteristic features of the photo-kinetics, namely the measurement of overall quantum yields much greater than unity and the rate dependence on 1%, have special interest in demonstrating unambiguou oxidation proceeds by a chain reaction whose termination step involves the mutual destruction of two chain carriers. Furthermore, since the hydroperoxide is by far the more important reagent participating in the initiation process (as we discuss later) and since the energy input a t 2537 A (112kcal.g.mol. The conclusion th at the photo and thermal reactions differ only in the mode of initiation is thus surely founded, and accordingly the complementary data from both sources provides a very complete picture of the fundamental details of the oxidation mechanism, as the next section and the following paper well illustrate.
Quantitative comparison of the photo-and benzoyl peroxide-catalyzed oxidations
The photo-oxidation data are by themselves insufficient to permit one important quantity, viz. < j> iy to be evaluated: it is necessary to estimate by other methods the chain length, v ,s ince ^ = ^-1 By studying oxidations catalyzed by benzoyl peroxide decomposing a t a known rate (Bolland 1946; and unpublished work) and making the assumption, which receives support from later inhibitor studies (Bolland & ten Have 1947 , 1948 , th at each molecule of benzoyl peroxide which decomposes sets off one reaction chain, it is possible to calculate the chain lengths operative under these conditions. In order to apply this knowledge to our results, it is necessary to extrapolate v to the photo oxidation conditions: the following method has been adopted. Substituting rv~x for ri in equation (1), we obtain rv = A :|^1[jBH]2.
At fixed olefin concentration,-r vi s thus a purely temperature dependent c whose temperature variation can be calculated thus:
where E 0 represents the overall activation energy of oxidation, and the other terms represent the activation energies of the processes indicated by the subscripts.
H en C e E " = 2 E 0 -E (.
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Values of Ef or the four olefins now considered are readily available since Bolland has measured E 0 in a series of oxidations catalyzed by benzoyl peroxide, activation energy of thermal decomposition (31 kcal.g.mol.-1) is E t. The values of rv determined for the catalyzed reactions a t 55° C can thus be extrapolated to any other tem perature within the range of inappreciable variation of the Arrhenius activation energies, as shown in table 5. The application of these data to the photo-oxidation results is summarized in table 6. The derived estimates of fa afford valuable nature of the primary process. First, it will be noted th a t radical production in the primary photo process is very efficient a t 2537 A, but drops markedly a t 3650 A. Secondly, the order of magnitude of fa a t 2537 A is the same as the quantum efficiency of the photo-decomposition of cycZohexene hydroperoxide a t the same wave-length. This correlation together with the other, also quantitative, correlation between photo-catalysis and fight absorption (p. 378), afford proof th a t the primary process under the conditions of our experiments is the photo decomposition of the peroxide. Mechanistic details of this photolysis are unknown as the necessary kinetic data ire completely lacking. In fact", the information is so meagre th a t the experiment reported in this paper gives the first measure of overall photo-efficiency. The com plexity of the products of photolysis is indicated by the work of Walker & Wild (I937), °n acetyl peroxide, where the high proportions of methane produced in the liquid phase and particularly in solution, points to methyl radical formation, presumably from the initially formed acetyl radicals. The photolysis of hydrogen peroxide in aqueous solution is unquestionably a chain reaction (Allmand & Style 1930) , and the use of this reaction for glycol synthesis (Milas, Kurz & Anslow 1937) demonstrates the production of OH radicals. I t is perhaps surprising therefore th at the primary quantum efficiencies of the oxidation reactions now reported are roughly unity; but we are inclined to regard the m atter as somewhat analogous to the thermal decomposition of benzoyl peroxide. This reaction follows closely a firstorder rate law (McClure et al. 1942) and catalyzes chain reactions the assumption referred to on p. 388 and yet the overall decomposition mechanism is evidently far from simple (Nozacki & B artlett 1946; Cass 1946) .
The temperature coefficient of photo-oxidation As the initiation reaction will have an insignificant temperature dependence, the overall energy of activation of photo-oxidation is given by
Ep = Ez -PV
The same quantity can be obtained less directly from thermally catalyzed reactions by the use of equation (1). Bolland's values obtained from benzoyl peroxide catalyzed oxidations are compared with the photochemical estimates in table 7. I t is necessary to measure the temperature coefficient of ethyl linoleate oxidation a t 3650A, because the skin effect a t the lower wave-length leads to a spuriously high valuethe'viscosity decrease on raising the temperature serving to facilitate mixing and thus to increase the rate on this account. The very satisfactory agreement between the differently derived E z -f E 6 values c of the general correctness of the theory of olefinie oxidation developed in these laboratories. 
